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Abstract

Objective:
The aim was to evaluate the validity and comparison between direct anthropometry
measurements as the “Gold Standard” with 2D-images (Normal Photo) and 3D-images (3dMD)

as a new contemporary tool for orthodontic diagnosis.

Methods & Materials:

51 subjects (22 Male and 29 Female) were randomly selected, without facial deformity,
surgery or facial hair. Eight anatomical landmarks were selected and plotted on the face to create
7 linear and 4 angular measurements which were measured directly (D) by a digital caliper and a
protractor (www.examobile.com).

Photos (2D) were taken with a Nikon DSLR camera and ring flash in NHP as well as a
3D-image with the 3dMD system (Atlanta, Georgia, USA). Both 2D photos and 3D images were
analyzed by Tracker (www.opensourcephysics.org/Douglas Brown) and Vultus software for the
same linear and angular parameters measured for each subject, respectively.

10% of the samples (5 cases) were randomly re-measured for intra-observer
reproducibility. Collected data were analyzed by SAS using the paired t-test to compare the
validity of direct (D), 2D and 3D measurements.

Results:

The results show no statistically significant difference between the direct measurement
group (D) and 3D measurements. (p > 0.05) but a highly statistically significant difference is
evident between the direct measurement group (D) and 2D measurements. (p < 0.01)

The 2D and 3D measurement groups also showed a statistically significant difference.(p

<0.05)
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Conclusion:

» This study has validated the accuracy of 3D measurements versus direct measurement.

» 3D measurement techniques are more accurate, almost by Imm in linear and up to 1

degree in angular measurements, than 2D techniques.
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1.Introduction

1.1. 3D Stereo Photogrammetry Technology

Orthodontic diagnosis requires a broad overview of the patient’s situation and must take
into consideration both objective and subjective findings (Proffit, Fields, and Sarver 2015).

It is a mistake for an orthodontist not to evaluate the face carefully (Proffit, Fields, and
Sarver 2015).

The orthodontic profession is a specialty founded on the analysis and interpretation of
geometries representing facial proportions. Dimensions and ratios are translated into
representations of ideals and applied to facial aesthetics (Nanda et al. 2015).

The traditional foundation of orthodontics has relied on two-dimensional imaging to
recreate the three-dimensional facial intricacies that exist in human anatomy (Nanda et al. 2015).

During the past decade, technological advancements have allowed visualization of bony
anatomy and even more recently the soft tissues of the face (Nanda et al. 2015).

The orthodontic profession now has access to more information in three dimensions than
ever before (Nanda et al. 2015).

It is our professional responsibility to utilize this information and apply these
advancements in imaging towards improved diagnosis and patient care.

There is a strong need for investigations which analyze progress and change in three
dimensions, to supplement and enhance traditional treatment modalities (Forst et al. 2014).

Although frontal and lateral cephalometric radiographs, panoramic radiographs, intraoral
and extraoral photographs are still used widely, more emphasis is being placed on 3D virtual

images and soft-tissue esthetics (Proffit, Fields, and Sarver 2015).



The soft tissue paradigm shift in treatment philosophy, also means that many clinicians
have started to plan from the external profile, placing increased importance on the soft tissues of
the face, largely to determine the limitations of orthodontic treatment.

From the perspectives of function, stability, and esthetics, the orthodontist must plan
treatment within the patient’s limits of soft-tissue adaptation and contours (Ackerman, Proffit,
and Sarver 1999).

Three-dimensional facial photographic imaging was introduced to orthodontics during
the early years of the millennium and may still be regarded to be in its infancy stages of

development and implementation.

1.2. 3dMD image acquisition

The 3D information is obtained through the acquisition and comparison of a number of
specific photographic images (Galantucci, Ferrandes, and Percoco 2006) that make use of the

principle of triangulation, as shown schematically in Fig 1.

Fig 1. Triangulation principle (Maués et al. 2018).



High-resolution 3D scanning methods with an image capture time of a fraction of a
second (2 milliseconds) which makes it resistant to motion artifacts, are now available. The
apparatus (3dMD; 3Q, Inc) generates a 3D point cloud for analysis, and a software analytic
system generalizes to the photogrammetric method.

The point cloud generated by the stereo-photogrammetry system is plotted in 3D space,
and x, y, z coordinates are computed for the scanned surface by a software model that combines
the geometry of a multiple-digital camera array and pre-calibrated distances to the subject with
texture images from a color camera (3dMD; 3Q, Inc).

Each viewpoint overlaps and these are merged into a single 3D geometry. A circuit-board
synchronizes the camera sensors, so that the images are integrated almost simultaneously, thus

helping to minimize motion and lighting artifacts (3dMD; 3Q, Inc).



2.Literature Review

2.1. Fundamentals of 3D surface imaging technology

Two of the most popular techniques to create a three-dimensional image are structured-

light and stereo-photogrammetry.

2.1.1. Structured-Light

Structured-light technology estimates the 3D surface of an object by the deformation of a
projected pattern, with the knowledge about the design and geometry of a projected pattern and
perception of the deformation by the 3D surface of the object, it is possible to estimate the 3D

surface of the object and generate a 3D surface image (Fig 2) (Lane and Harrell 2008).

distorted light stripe
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Fig 2. Structural-light projection (Lane and Harrell 2008).

2.1.2. Stereo-photogrammetry

Stereo-photogrammetry is based on structured light. There are three different strategies
for stereo-photogrammetry: Active, Passive and Hybrid.

In “Active stereo-photogrammetry” it projects a pattern onto the surface of an object and
uses two (or more) cameras to capture the deformations of the pattern by the objects’ surface
from different viewpoints.

A 3D surface image is generated by a process called “Triangulation”, calculating the 3D
coordinate of each 2D point (pixel) visible in both camera views.

This is achieved by combining the knowledge about the system (position of camera,
distance of camera, etc.) and the captured 2D images of the cameras with their correspondences

(pairs of 2D points/pixels, which occur in both camera views) (Fig 3) (Lane and Harrell 2008).

11



distorted light stripe

Fig 3. Active stereo-photogrammetry (Lane and Harrell 2008).

By contrast,” Passive stereo-photogrammetry” determines 3D surface images only based
on the images taken by two (or more) cameras without the projection of a pattern. Due to the
missing projected pattern, the process of finding correspondences between views/images is more

difficult and ambiguous (Fig 4) (Lane and Harrell 2008).

12
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Fig 4. Passive stereo-photogrammetry (Lane and Harrell 2008).

To achieve a better image quality and higher accuracy, the new devices combined the

active and passive technique, which is called Hybrid stereo-photogrammetry (Chae et al. 2016).

2.2. History of using 3D imaging for diagnosis

In the 1970s and 1980s, there was a growing awareness that the aesthetic outcome is of
equal importance to the patient as the rearrangement of the occlusion. Methods of studying the
facial profile or for planning surgical treatment were reintroduced, including facial plaster casts,
anthropometry and analog photography (Arnett and Bergman 1993).

Digital photography was introduced to evaluate facial harmony. It allows clinicians to
establish a more proportional focus on all three structures of the triad, to assess the patient’s

deformity (Arnett and Bergman 1993).

13



An accurate and objective assessment of facial deformity or preoperative prediction of
the surgical outcome in two dimensions, especially regarding asymmetry, will always be
deficient since it does not address the volumetric changes of all the facial portions, that
determine neuromuscular balance and facial harmony (Arnett and Bergman 1993).

From the 1980s, the shortcomings of these techniques induced an increase in the use of
three-dimensional (3D) imaging techniques, to render the facial soft tissue surface (Arnett and

Bergman 1993).

2.3. Current Studies

The accuracy and reliability of 3D measurements of facial soft tissues were evaluated
through comparisons of data obtained on the same sample of subjects using 3D computer
tomography and 3D stereo-photogrammetry (Swennen et al. 2005).

The measurement of the facial soft tissue with 3D computer tomography showed great
accuracy, except for the landmarks of the hairline, the eyebrows, and the eyelids (Naini et al.
2017).

In contrast, 3D stereo-photogrammetry showed great accuracy and reliability, except for
the bony landmarks. Thus, the combination of 3D computer tomography and 3D stereo-
photogrammetry for the analysis of facial soft tissue allows these problems related to the
hairline, eyebrows, eyelids, and the bony landmarks to be overcome (Swennen et al. 2005).

The study of Ghoddousi and co-workers compared the accuracy of the mapping of facial
soft tissue using 3D stereo-photogrammetry, manual anthropometric measurements, and 2D
photographs and found that there are no significant differences between them (Ghoddousi et al.

2007).

14



Rangel et al. presented a study using the 3dMD (Atlanta, GA, USA) stereo-
photogrammetric system where they obtained a 3D digital model having an average error of 0.35
mm with a standard deviation of 0.32 mm (Rangel et al. 2008).

Khambay et al. validated a high-resolution 3D imaging system (Di3DTM, Dimensional
Imaging Ltd., Glasgow, Scotland, UK) using only ten landmarks on facial plaster casts,
comparing the results with those obtained by a coordinate-measuring machine (CMM) and
reported a system error of 0.2 mm and a reproducibility error of less than 0.5 mm (Khambay et
al. 2008).

Winder and his co-workers used 18 landmarks on a mannequin head to validate a
Di3DTM system, using comparison laser scans and digital caliper measures. Mean differences
between the measurements of 0.62 mm were shown (Winder et al. 2008).

In 2010, Liibbers et al. examined the precision and accuracy of the 3dMD system using
41 landmarks on a mannequin head; they report a mean global error of 0.2 mm (range 0.1 to
0.5mm).

More recently, Hellak et al. repeated the experiments using 61 landmarks on two real
faces, reporting a mean global error of 0.41 mm (range 0 to 3.3 mm) (Hellak et al. 2015).

Deli and team compared the results achieved with various photogrammetric systems and
they found different numbers with different types of cameras (Deli et al. 2013).

Galantucci et al. recently also developed a simple photogrammetric system for automatic
capture and measurement of facial soft tissues during movement. They suggested that digital

close-range photogrammetry be used to acquire the spatial coordinates of facial landmark points

15



and track their movements, which showed good repeatability of measurements (Galantucci,

Ferrandes, and Percoco 2006).
The most current methods for analyzing the 3D photographic images involve simple
visual evaluation of linear and angular measures between various point landmarks to evaluate

facial aesthetics and proportions (Naini et al. 2017).

16



3.Purpose

The aim of this study was to evaluate the validity and comparison between direct
anthropometry as the “Gold Standard” with 2D and 3D photogrammetry to establish 3D images

as a potential contemporary tool for orthodontic diagnosis.

17



4.Null Hypothesis

» There is no significant difference between the direct (D) and 2D measurements.

» There is no significant difference between the direct (D) and 3D measurements.

» There is no significant difference between 2D and 3D measurements.

18



5.Methods and Materials

5.1. Ethics Approval:

Approval was obtained from Ethics Board Committee of the University of Manitoba,
following which the participants were informed verbally and in writing and volunteer consent

forms signed by all participants.

5.2. Sample group and size:

The study was conducted with 51 randomly selected subjects (22 Male and 29 Female)
with an age range of 19-26/yr. The sample comprised of dental students at the Dental College of
the University of Manitoba. For an effect size at a 0.05 significance level, it was determined that
greater than 95% power could be achieved with a sample size of 50.

After a brief introduction of the project to each participant and the exclusion criteria
applied, an informed consent form was signed.

An identification code (A1-A51) was allocated for each subject.

5.3. Exclusion Criteria:

e No facial deformity.
e No facial cosmetic surgery/procedure.
e No facial hair.

e No significant facial asymmetry.

Data collected in three categories:

e Direct measurements.
e A setof 2D images. (Frontal and Profile)
e A setof 3D images.

19



5.4. Photo acquisition protocol:

The 2D and 3D images were acquired within the same day at the Orthodontic Clinic of
the College of Dentistry, University of Manitoba.
2D and 3D images were acquired, and then direct measurements were performed

following markings on the face.

5.4.1. 2D photos:

Two vertical mirrors were mounted on the wall in front of the subjects at their eye level
and they were instructed to look at their eyes for both frontal and profile photos to achieve
natural head position (NHP) before photo shooting.

To prevent any shadow on the images, a mounted fluorescent light-box was used as the
background and a 50-millimeter ruler was mounted on the top right corner of the light-box which
was used for calibrating the software and avoid magnification errors.

Frontal and profile photographs of the participants were captured under the same
illumination using a professional DSLR camera (Nikon D3200 24.2-megapixel DX,

Tokyo, Japan) with a professional Micro Nikkor lens (AF-S Micro Nikkor 85mm 1:3.5 G
ED, Tokyo, Japan) which was placed on a tripod in the focal zone away from the participant.

The same identification coding system (A1-A51) was used for all the photographs and
they were transferred to a computer and calibration procedures were then performed using
Tracker software 4.11.0 (Tracker www.opensourcephysics.org, Douglas Brown).

Seven linear and four angular measurements were made on each image (Table 2 & 3).

20



All the images were acquired by positioning the participants in the same position as in the

direct measurement method.

5.4.2. 3D photos:

The 3dMD system from Atlanta, Georgia, USA was used for the 3D image acquisition.
The machine was calibrated according to the manufacturer instructions, every day before each
photo shoot.

Participants were positioned in the calibrated zone on an adjustable seat for the 3D image
acquisition.

A 3D image was created, an identification code allocated (A1-A51) and saved on the
3dMD Face software (Vultus) for further analyzing.

Seven linear and four angular measurements were made on each image (Table 2 & 3).

5.5. Measurement protocols:

Direct measurements were made on the day of image acquisition.
Measurements of the 2D and 3D images were made in a randomized manner and on a

different day from the direct measurements.

5.5.1. Landmarks and definitions:

8 anatomical landmarks on the face were plotted according to the table below (Table 1-

Fig 5).
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Landmarks Abbreviation Definition
Nasion Na The outer point of intersection between the nasion-
sella line and the soft tissue profile.
Subnasal SubN A point on the living where the nasal septum and
the upper lip meet in the midsagittal plane
Columella Col The bridge of tissue that separates the nostrils at
the nasal base
Pogonion Pog The most anterior mid- point of the chin.
Upper vermilion uv Upper border on upper lip vermilion
Tragus Trg The most posterior part of the external meatus of
the ear.
Cheilion Ch The point located at each labial commissure.
Ala of the nose Ala The most lateral point on each alar contour.

Table 1: Landmarks and definitions.
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6,7).

Fig 5. Anatomical landmarks.

5.5.2. Linear parameters and definitions:

A set of 7 linear variables created and defined according to the table below (Table 2 - Fig

Abbreviation Landmarks Definition
SbN-UV SbN, Upper Vermelion. (mm) Vertical linear measurement from SbN to the
border of upper lip vermelion
Ch-Ch Cheilion right, cheilion left. (mm) Transverse linear measurement
of mouth width from Cheilion right (Ch-R), to
Cheilion left (Ch-L)
Al-Al Alare right, Alare left. (mm) Transverse linear measurement of nasal
width from Alare right to Alare left.
Tr-SbN Tragus, Subnasale. (mm) Sagittal linear measurement from Tragus to
Subnasale
Tr-Pog Tragus, Pogonion. (mm) Sagittal linear measurement from Tragus to
Pogonion
N-SbN Nasion, Subnasale. (mm) Vertical linear measurement of mid-face
from Nasion to Subnasale
Sn-Pog Subnasal, Pogonion. (mm) Vertical linear measurement of lower facial

dimension as measured from Subnasale to
Pogonion

Table 2: Linear parameters and definitions.
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Fig 6. Frontal linear measurements.

Fig 7. Profile linear measurements.
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5.5.3. Angular parameters and definitions:

A set of 4 angular variables created and defined according to the table below (Table 3-

Fig 8,9).

Abbreviation

Landmarks

Definition

NLA
(Col-SbN-LS)

Columella. Subnasale,
Labium superior (°)

Angular measurement from

Columella to Subnasale to

Labium superior (nasolabial
angle)

N-Tr-SbN

Nasion, Tragus, Subnasale (°)

Angular measurement from
Nasion to Tragus to Subnasale
(angle of medium facial third)

SbN-Tr-Pog

Subnasale, Tragus, Pogonion ( °)

Angular measurement from
Subnasale to Tragus to Pogonion
(angle of inferior facial third)

N-SbN-Pog

Nasion, Subnasale, Pogonion ( °)

Angular measurement of soft
tissue profile from Nasion to
Subnasale to Pogonion

Table 3: Angular parameters and definitions.
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Fig 8. Upper and Lower Facial angle.
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Fig 9. NLA and Facial Convexity.

5.5.4. Direct measurements:

Anatomical points required for linear measurements were determined by inspection and
palpation, then marked on the face.

A fine 0.5mm eye-liner was used to mark the face of the subjects according to “Table 1.
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During the determination and measurement of the points, it was ensured that the subjects

were relaxed and seated with a natural head position and relaxed lips.

5.5.4.1. Linear direct measurement:

To measure the linear variables, a digital millimeter sliding caliper used. The caliper was
adapted on the skin over the plotted landmarks to measure the linear distance between the two
nominated landmarks for linear variables (Table 2).

The digital caliper was set on millimeter (mm) and set at zero for each measurement.

Extracted linear parameter data for the direct group were imported and saved into an

excel sheet (Appendix, Table 4).

5.5.4.2. Angular direct measurement:

A digital protractor software (www.examobile.com) was installed on a smartphone (i-
phone 8) and the device mounted on a bench with a fix-screwed holder within a 35cm distance
from the subject’s face, according to the manufacturer’s instructions at the best focal spot.

The angular parameters for the direct group were measured and extracted data, saved into

an excel sheet (Appendix, Table 5).

5.5.5. 2D measurement technique:
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Both 2D photographs (frontal & profile) for each subject were imported into Tracker

software (www.opensourcephysics.org, Douglas Brown 4.11.0) and the landmarks were plotted

according to (Table 1).

Tracker software was calibrated according to the manufacturer’s instructions by using the
50mm mounted tape measure from the background of each of the photos to achieve the most
accuracy in the measurements.

Landmarks were connected and measurements were performed for both linear and
angular variables according to tables 2 and 3.

The extracted results from the Tracker software for both linear and angular measurements

were saved in an excel sheet as (2D-linear) and (2D-Angular) variables (Appendix, Table 6 -7).

3.5.6. 3D measurement technique:

3D images were plotted, according to (Table 1) for each subject in 3 planes of space (x, vy,
z) on Valtus software from 3dMD following the manufacturer’s instructions.

Plotted landmarks to extract the linear and angular variables according to (Table 2 &3).

Data for both linear and angular measurements from Valtus software were saved in an
excel sheet as of (3D-linear) and (3D-angular) measurements (Appendix, Table 8 - 9).

Note: IDs for each case were kept the same in all the 3 different measurement groups (ID:

Al- AS51 for D- 2D- 3D).
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5.6. Reliability protocols:

5.6.1. Intra-examiner reliability:

To evaluate the intra-observer agreement, 10% of the sample pool was selected randomly
by selecting 5 numbers among 1-51 from a hat draw and all the 3 measurements (D, 2D, and 3D)
were then performed on randomly selected subjects, 1 week after finishing data collection from
the main subject pool with the same standards as the first attempt for data collection which is
described above (Appendix, Table 10).

Intra-observer agreement for the D, 2D and 3D method was evaluated similarly using the

Paired t-test, to indicate the Intra-class Correlation Coefficient (ICC).

5.6.2. Inter-examiner reliability:

As the aim was not to evaluate the diagnostic ability of the investigator, there was no

need to have an inter-examiner reliability test, according to the statistician’s recommendation.

5.7. Methods of Comparison:

Comparison was conducted statistically on 11 parameters (7 linear — 4 angular) between
3 groups (D —2D), (D — 3D) and (2D — 3D).

Direct measurement is considered as the “Gold Standard”.
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5.7.1. Comparison between direct (D) and 2D groups:

All the 11 parameters in the 2D group were compared with the direct measurements
(Gold Standard), to determine the reliability based on the mean differences between each

variable.

5.7.2. Comparison between direct (D) and 3D groups:

All the 11 parameters in the 3D group were compared with the direct measurements
(Gold Standard), to determine the reliability based on the mean differences between each

variable.

5.7.3. Comparison between 2D and 3D groups:

Comparison was conducted between the 2D and 3D groups, to evaluate their validity,

based on the mean differences between each variable.

5.8. Statistical Analysis:

All statistical analyses were performed using the SAS System (D.17 Statistical Analysis
System) version 9.3 software (SAS Institute Inc., Cary, North Carolina, USA). Normal
distribution of the data was evaluated using the Shapiro-Wilk test.

The direct measurement (D) was considered as the “Gold Standard”, so the extracted data
for 2D and 3D were compared with the extracted data from the direct group (D), for both linear

and angular measurements by using Paired t-test.
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The Paired t-test was used to determine the significance of the differences between the
direct measurement group (D), photogrammetry (2D), and 3D stereo-photogrammetry.

In this study statistical comparison was conducted on 11 parameters (7 linear — 4 angular)
between 3 pairs; (D — 2D), (D — 3D) and (2D — 3D) by 33 Paired t-tests.

To adjust the P-value (P = 0.05), Bonferroni Correction was used to correct the inflated
type I error due to Multiple Paired t-tests by the number of each Paired t-tests (n = 33). (P*=P +
33=0.0015)

Intra-class correlation coefficient (ICC) was used to evaluate the agreement between the

measurements based on 10% of randomly selected subjects.
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6. Results

6.1. Comparison between direct (D) and 2D groups:

A highly statistically significant difference is evident between the direct measurement
group (D) and the 2D measurements. (p < 0.01)

All the differences observed between means were > Imm and >1 ° for all the parameters

(Table 11).
D-2D
Mean Mean Difference (95% CI)

Linear Lower 95%  Upper 95%
Sn-UVer 0.72 0.58 0.86
Ch-Ch 0.31 0.13 0.49
Al-Al -0.66 -0.86 -0.47
Tr-Sn 1.1 0.81 1.39
Tr-Pog 0.88 0.7 1.05
N-Sn -0.72 -0.9 -0.54
Sn-Pog 1.01 0.86 1.15

Angular

NLA -0.72 -0.89 -0.56
N-Tr-Sn -0.87 -1.04 -0.7
Sn-Tr-Pog -0.95 -1.14 -0.76
N-Sn-Pog 1.2 1.02 1.37

Table 11: Mean differences between D - 2D.
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6.2. Comparison between direct (D) and 3D groups:

The results show no statistically significant difference between the direct measurement

group (D) and the 3D measurements. (p > 0.05)

Both linear and angular mean differences reported < 1mm and < 1°, respectively (Table

12).

Linear

Sn-U Ver
Ch-Ch
Al-Al
Tr-Sn
Tr-Pog
N-Sn
Sn-Pog

Angular

NLA
N-Tr-Sn
Sn-Tr-Pog
N-Sn-Pog

Mean

0.01
0.06
0.1
0.13
-0.02
0.17
0.16

0.26

0.15

0.09
0.2

D-3D

Mean Difference (95% CI)

Lowr 95%

-0.09

-0.06

-0.02
0

-0.18

0.03
0

0.1
0.03
-0.04
0.05

Upper 95%

0.12
0.19
0.23
0.27
0.12
0.31
0.31

0.42
0.27
0.24
0.34

Table 12: Mean differences between D - 3D.
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6.3. Comparison between 2D and 3D groups:

The measurements between the 2D and 3D groups showed a statistically significant
difference. (p < 0.05), with all the mean differences found > Imm and > 1 ° for all the

parameters (Table 13).

2D-3D

Mean Mean Difference (95% CI)

Linear Lower 95%  Upper 95%
Sn-UVer -0.71 -0.81 -0.61
Ch-Ch -0.24 -0.38 -0.11
Al-Al 0.77 0.66 0.87
Tr-Sn -0.96 -1.24 -0.68
Tr-Pog -0.91 -1.01 -0.8
N-Sn 0.89 0.78 1
Sn-Pog -0.85 -0.94 -0.76
Angular
NLA 0.98 0.88 1.08
N-Tr-Sn 1.02 0.92 1.13
Sn-Tr-Pog 1.05 0.95 1.14
N-Sn-Pog -1 -1.13 -0.86

Table 13: Mean differences between 2D - 3D.

6.4. ICC results:

The Reliability Coefficient (ICC) between the different methods were evaluated using the

Paired t-test.
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The results were determined to be statistically acceptable (ICC > (.7) at an arbitrary

value of 1 mm and 1 ° between first and second observations.

6.5. Results Summary:

In summary (Table 14), the results show no statistically significant difference between
the direct measurement group (D) and 3D measurements. (p > 0.05) but a highly statistically
significant difference is evident between the direct measurement group (D) and 2D
measurements. (p < 0.01)

The 2D and 3D measurement groups also showed a statistically significant difference. (p

<0.05)
D-2D D-3D 2D-3D
Mean Mean Difference (95% CI) Mean Mean Difference (95% CI) Mean Mean Difference (95% CI)
Linear Lower 95% Upper 95% Lowr 95% Upper 95% Lower 95% Upper 95%
Sn-U Ver 0.72 0.58 0.86 0.01 -0.09 0.12 -0.71 -0.81 -0.61
Ch-Ch 0.31 0.13 0.49 0.06 -0.06 0.19 -0.24 -0.38 -0.11
Al-Al -0.66 -0.86 -0.47 0.1 -0.02 0.23 0.77 0.66 0.87
Tr-Sn 1.1 0.81 1.39 0.13 0 0.27 -0.96 -1.24 -0.68
Tr-Pog 0.88 0.7 1.05 -0.02 -0.18 0.12 -0.91 -1.01 -0.8
N-Sn -0.72 -0.9 -0.54 0.17 0.03 0.31 0.89 0.78 1
Sn-Pog 1.01 0.86 1.15 0.16 0 0.31 -0.85 -0.94 -0.76
Angular
NLA -0.72 -0.89 -0.56 0.26 0.1 0.42 0.98 0.88 1.08
N-Tr-Sn  -0.87 -1.04 -0.7 0.15 0.03 0.27 1.02 0.92 1.13
Sn-Tr-Pog -0.95 -1.14 -0.76 0.09 -0.04 0.24 1.05 0.95 1.14
N-Sn-Pog 1.2 1.02 1.37 0.2 0.05 0.34 -1 -1.13 -0.86

Table 14: Mean differences between D - 2D -3D

The highest mean difference for the linear and angular measurements were 1.1mm and

1.2 ° respectively which were both found between the D and 2D groups.

Table 15, shows the highest mean differences between all 3 compared groups.
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Comparison Linear Angular
D-2D 1.1 mm 1.2°
D-3D 0.17 mm 0.26 °
2D-3D 0.89 mm 1.05°

Table 15: The highest mean difference for the linear and angular measurements.
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7. Discussion

7.1. Discussion

Conventional methods for studying facial symmetry have limitations. Radiography
measures skeletal landmarks but ignores the aesthetic aspects of soft tissue. The 3dMD face
system allows the collection of images stored in digital format.

In the current study, data acquisition was performed in natural head posture, because Kau
et al (2005), were able to show that this position is clinically reproducible. Hence, the quality of
the produced three-dimensional model represented was matched to reality with the least possible
bias (Brons et al. 2012).

Concerning operator error, the zoom was used whenever the operator was in any doubt
about a landmark, but this was not used as a routine. Even if the operator error could be reduced
by using the zoom facility of the software, this strategy was deemed unnecessary because of the
negligible error produced, even without the zoom feature, as our research showed the margin of
error is from 0.1 to 0.04 mm.

For reliability, it is very important to have a clear acquisition of the facial regions to be
measured. In the present study, images were acquired using nine modular units (Right: three,
Left: three, Front: three) in order to avoid image loss all over the face, including the ear region.

We found the error of recalibration of the system (about 0.01 mm, according to the
manufacturer), is negligible in itself and especially in comparison to the operator error, which is
about 10 times higher.

In this project, we considered that the error resulting from the object's position is about

the same magnitude as the operator error and in itself, is negligible for clinical applications.
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Another point of discussion is the accuracy and bias compared with direct anthropometry.
The distances directly measured and the distances calculated from the data sets revealed no
relevant differences and therefore no imminent error that would lead to systematically incorrect
results. However, performing the direct measurement was found to be more challenging than
3dMD, due to the geometry and the nature of the face.

Overall, however, the system error of the 3dMD system is comparable to that of other
three-dimensional imaging systems (Naini et al. 2017).

Evaluating the properties of facial soft tissue clinically and quantitatively is a priority of
contemporary orthodontic diagnosis and treatment planning. Many imaging techniques have
been used to evaluate facial soft tissues, but 3D stereophotogrammetry has attracted more
attention recently, because of the many advantages it has such as no radiation, high accuracy,
easy to acquire, less time consuming, etc.

This method has been found to be accurate and reliable enough to be integrated into
clinical orthodontic practice. Furthermore, it is possible to process and analyze 3D stereo-
photogrammetric images in different software packages in accordance with the different clinical
or research purposes.

Quantitative evaluations that are performed on facial soft tissues, in addition to clinical
evaluations, are important for assessing treatment aims and treatment outcomes.

CBCT can be used for soft tissue analysis three-dimensionally, but it has several
disadvantages. Besides the measurement difference between CBCT and 3D
stereophotogrammetry was clinically insignificant. Accordingly, the use of
stereophotogrammetry is considered adequate in the imaging of soft tissues and the measuring

facial soft tissues (Forst et al. 2014).
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Although the direct anthropometry method is not routinely used in clinical practice, it is
nonetheless the most reliable method to evaluate the real measurements. This project used direct
measurement as the gold standard to evaluate and compare with the other two measurements (2D
and 3D) techniques.

The present study which evaluated the accuracy and reliability of 3D stereo-
photogrammetry found a very high level of agreement between direct anthropometry, which is
the gold standard, and 3D stereophotogrammetry.

This study found these values were considered to be clinically important but not
significant, however, Dindaroglu et al, 2016 claimed these are clinically significant (Dindaroglu
et al. 2016).

In the literature (Khambay et al 2009, Liibbers et al 2010 and Naini et al 2017), there are
many reports that claim some discrepancy between direct and 3D measurement techniques,
however, their results are based on analyzing the results that were achieved by comparing the
data between different observers. However, in this research project, the main focus was on
comparing different techniques (D-2D and 3D) by excluding/minimizing the observer/human
errors.

The ability and accuracy of 3dMD machine to create such a precise image, which will
minimize the percentage of operator errors is not the reason for this disagreement. However,
disagreement could be the result of other factors such as different observers performing the same
measurements, which will affect the results due to different interpretations of plotting the
landmarks, patient positioning, image distortion/magnification, and the image quality.

Kochel et al. 2010 confirmed deviations are mostly caused by observer errors during

placement of anthropometric points (Kochel et al. 2010).
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In the present project, one of the most important factors was the reproducibility of the
points determined for measurements. In fact, the low-range of variation in the present study is
believed to have resulted from minor deviations that occurred during the placement of the
morphologic points.

To eliminate interpretation discrepancies of the landmarks, the current project used the
data generated by one operator to be able to compare the techniques without the introducing
human errors.

In the literature, many imaging techniques have been used to evaluate facial soft tissues
and this study is in agreement that 3D stereo-photogrammetry has many advantages, for soft
tissue assessment (Liibbers et al. 2010), (Tzou and Frey 2011), (Naini et al. 2017).

Our study was in agreement with Liibbers et al (2010) and Khambay et al (2009) who
examined the precision and accuracy of 3D stereo-photogrammetry and reported a mean global
error between 0.1 and 0.5 mm (Liibbers et al. 2010).

The current research, also found the highest mean difference was 0.17mm in the linear
and 0.26° in the angular measurements, which was in contrast with other published studies
(Wong et al (2008), Winder (2008) and Metzger (2013)) who found a 2mm mean difference
between 3D and direct measurements for the linear measurements and did not report any
comparisons for the angular parameters (Wong et al. 2008).

The literature, based on statistical analysis alone, suggests that the intraclass correlation
coefficient (ICC) > 0.7, (at an arbitrary value of 1 mm and 1 ° between first and second
observations), is considered as statistically acceptable, which is in agreement with our study,

where the results with ICC were between 0.95 and 0.99. This is deemed to be statistically
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acceptable even with a narrower margin for both the linear (0.17 mm) and angular ( 0.26 °)
values.

The present study found the plotting of the face, for the measurements, in all the
techniques (D-2D, and 3D), to be a challenging task that can affect the accuracy of the outcome.
However, we found that the level of difficulty within different landmarks varies, based on
several factors such as: unilateral (mid-line) or bilateral landmarks, techniques for the assessment
(D,2D, and 3D), operator ability and the quality of the images.

Our results show that the majority of the errors occur for the unilateral (mid-line)
landmarks, which is due to the nature of the techniques used for these measurements.

We believe, the geometry of the face, in the direct technique, and the lack of the third
plane of space in the 2D technique, are the main reasons for inaccuracy. This study found the 3D
technique, to be the most accurate technique, which gives the operator the ability to assess a
particular landmark in the 3 planes of space.

Aldridge et al. (2010) reported that the greatest and most significant difference was 1.42
mm in the N-Prn (Nasion — Pronasale) measurement for interobserver agreement. However, the
difference was 2 mm for all other parameters (Schimmel et al. 2010).

Wong et al 2008 found the grand mean of the precision calculated across subjects along
with all axes for all landmarks was 0.827 mm (Wong et al. 2008).

Also, Plooij et al. found the highest interobserver agreement was in the Al-Al
measurement (95% CI, 0.17 mm) (Naini et al. 2017).

Deli et al 2013, claimed interobserver agreement above 0.8 in most points with Imm

differences (Deli et al. 2013).
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These findings are not consistent with our results for the linear measurements in the 3D
technique. We believe the main reason for this inconsistency is due to the comparison of two
techniques by different observers, however, in the current study only one observer performed the
comparisons, to minimize the human errors.

However, this study and Aldridge et al (2010) were in agreement that mid-line
landmarks, such as Nasion and Pronasale, are the most difficult landmarks to identify.

Farkas et al. (1994) reported that the difference between direct anthropometry and 2D
photogrammetry may be caused by the distortions in photogrammetry. The experience in this
study shows that finding some facial landmarks on 2D photos cannot be done accurately due to
the geometry and 3-dimensional nature of the face. This issue becomes more problematic when

dealing with unilateral (mid-line) anatomical landmarks (Fig. 10).
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Fig 10. Sub-Nasale in 2D profile view.

Plotting a mid-line landmark on a 2D photo excludes the transverse dimension from the

three planes of space, hence, the plotted spot misses its accuracy (Fig. 11).
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Fig 11. Sub-Nasale in 2D profile view.

3dMD Valtus software can show the error and inaccuracy of the selected spot for mid-
line landmarks such as Sub-Nasale by evaluating the same image when moved to frontal aspect

(Fig 12).
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Fig 12. Sub-Nasale in 3D submental view.

Images produced by 3dMD give the ability to the clinician to assess the image in three
planes of space, accurately select the right spot and plot the mid-line landmark in its correct
location.

The present study found agreement between 2D photogrammetry and direct measurement

techniques, however, this agreement was not as reliable/accurate as 3D techniques and direct
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measurements. Hence, this research indicates that 2D measurements can be used safely in soft
tissue image analysis if the required accuracy is not less than 0.5mm. Thus, this technique (2D)

is still reliable for clinical use, but with a lesser level of accuracy.

7.2. Null Hypothesis Evaluation:

» The first null hypothesis states that there is no significant difference between the direct
(D) and 2D measurements.
This null hypothesis is rejected because a highly statistically significant difference is

evident between these groups (p < 0.01).

» The second null hypothesis states that there is no significant difference between the direct
(D) and 3D measurements.
This null hypothesis is accepted because there is no statistically significant difference

between the direct measurement (D) and 3D measurements groups (p > 0.05).

» The third null hypothesis states that there is no significant difference between the 2D and

3D measurements.

This null hypothesis is rejected because there is a statistically significant difference

between the 2D and 3D measurements (p < 0.05).
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8. Conclusions

A very high level of agreement was found between direct anthropometry (Gold
Standard) and 3D stereo-photogrammetry.
This study has validated the accuracy of 3D measurements versus direct

measurements.

3D measurement techniques are more accurate, by almost 1mm in the linear

diameter and up to 1 degree in angular measurements, compared to the 2D

technique.
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9. Recommendations

That the 3D measurement technique could be used for improved assessment and

prediction of the soft tissue changes for orthognathic surgery.

That the 3D measurement technique could be considered a reliable method for research

on soft tissue changes due to dental changes and orthopedic skeletal modification.

That 3D images be used to help clinicians to educate their patients.
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10. Appendix

Table 1: Landmarks and definitions.

Landmarks Abbreviation Definition
Nasion Na The outer point of intersection between the nasion-
sella line and the soft tissue profile.
Subnasal SubN A point on the living where the nasal septum and the upper
lip meet in the midsagittal plane
Columella Col The bridge of tissue that separates the nostrils at
the nasal base
Pogonion Pog The most anterior mid- point of the chin.
Upper vermilion uv Upper border on upper lip vermilion
Tragus Trg The most posterior part of the external meatus of the ear.
Cheilion Ch The point located at each labial commissure.
Ala of the nose Ala The most lateral point on each alar contour.
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Table 2 : Linear parameters and definitions.

Abbreviation Landmarks Definition

SbN-UV SbN, Upper Vermelion. (mm) Vertical linear measurement from SbN to the
border of upper lip vermelion

Ch-Ch Cheilion, right-left. (mm) Transverse linear measurement
of mouth width from Cheilion right (Ch-R), to
Cheilion left (Ch-L)

Al-Al Alare, right-left. (mm) Transverse linear measurement of nasal width
from Alare right to Alare left.
Tr-SbN Tragus, Subnasale. (mm) Sagittal linear measurement from Tragus to
Subnasale
Tr-Pog Tragus, Pogonion. (mm) Sagittal linear measurement from Tragus to
Pogonion
N-SbN Nasion, Subnasale. (mm) Vertical lincar measurement of mid-face from
Nasion to Subnasale
Sn-Pog Subnasal, Pogonion. (mm) Vertical linear measurement of lower facial

dimension as measured from Subnasale to Pogonion
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Table 3 : Angular parameters and definitions.

Abbreviation

Landmarks

Definition

NLA
(Col-SbN-LS)

Columella. Subnasale,
Labium superior ( °)

Angular measurement from Columella to
Subnasale to Labium superior (nasolabial angle)

N-Tr-SbN Nasion, Tragus, Subnasale ( °) Angular measurement from Nasion to Tragus to
Subnasale (angle of medium facial third)

SbN-Tr-Pog Subnasale, Tragus, Pogonion ( °) Angular measurement from Subnasale to Tragus
to Pogonion (angle of inferior facial third)

N-SbN-Pog Nasion, Subnasale, Pogonion ( °) Angular measurement of soft tissue profile from

Nasion to Subnasale to Pogonion
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Table 4 : Direct Linear Measurement Data

Sn-U Ch-Ch Al-Al Tr-Sn Tr-Pog N-Sn Sn-Pog
Ver

Al | 14.58 51.23 37.43 125.21 138.23 57.82 49.13
A2 | 15.66 43.43 34.47 106.37 117.22 59.23 47.32
A3 | 14.74 43.43 36.95 128.89 146.23 60.02 54.12
A4 | 12.78 49.12 40.01 138.11 149.73 63.07 49.97
A5 | 17.43 50.12 30.35 116.76 125.24 58.89 53.02
A6 | 19.12 50.54 33.23 131.32 140.32 57.21 62.18
A7 | 13.1 46.24 35.31 128.43 133.12 61.88 53.73
A8 | 19.12 5187 38.12 125.01 136.33 63.89 56.13
A9 |19.32 48.23 3178 131.14 140.43 62.12 55.61
Al0 | 12.78 50.89 34.42 128.31 137.41 51.46 51.61
All | 17.62 55.21 31.18 132.43 143.62 61 55.23
Al2 | 14.34 52.02 40.97 129.02 145.81 59.02 63.1

Al13 | 13.23 47.37 36.36 118.97 136.88 57.93 58.43
Al4 | 16.98 55.03 37.67 137.43 150.23 60.89 67.33
Al5 | 11.91 53.67 36.01 133.76 144.03 56.89 65.84
Al6 | 12.02 55.32 35.23 124.33 143.07 56.12 50.11
Al7 | 13.81 47.97 31.72 129.01 148.09 57.89 56.82
Al8 | 17.96 47.34 35.87 128.22 140.86 71.01 60.38
A19 | 14.49 54.63 37.12 135.97 146.89 64.13 53.76
A20 | 15.99 44.13 32.98 126.67 138.09 61.15 65.98
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A21 | 17.81 51.02 31.31 134.01 146.33 58.01 58.01
A22 113.43 50.64 33.29 118.76 130.59 57.31 54.2

A23 | 15.67 51.23 30.96 126 132.21 56.59 53.91
A24 | 14.81 52.55 33.12 130.01 139.98 60.34 58.97
A25 | 18.53 51.32 33.29 134.44 144.99 58.12 61.72
A26 | 13.41 49.62 33.77 132.01 141.62 61.02 61.69
A27 | 17.31 54.66 34.02 135.99 146.99 55.19 56.46
A28 | 13.56 49.23 32.18 114.31 119.69 60.52 52.39
A29 | 16.01 46.02 35.18 122.23 130.98 58.74 59.59
A30 | 15.79 45.61 37.77 126.99 140.71 69.98 63.01
A31 | 14.36 49.58 34.43 124 128.02 56.56 57.87
A32 | 15.75 46.64 30.59 121.98 135.79 55.65 52.34
A33 | 15.34 57.66 41.01 135.62 156.34 55.52 60.24
A34 | 14.98 52.12 33.56 127.21 136.69 60.99 55.23
A35 | 17.36 48.24 32.93 118.01 126.43 58.69 58.72
A36 | 12.81 50.87 31.83 124.47 136.44 53.13 59.28
A37 1 19.79 50.63 36.77 123.43 139.81 57.98 65.12
A38 | 12 48.21 35.33 122.29 133.89 54.79 50.41
A39 | 16.79 48.77 32 126.31 130.61 52.53 58.99
A40 | 16.71 46.88 28.41 120.09 132.54 56.42 56.76
A41 | 14.61 47.11 31.19 125.76 145.11 54.19 61.66
A42 | 14.73 49.59 33.13 125.97 138.02 62.97 59.02
A43 | 16.81 54.01 43 135.81 151.02 57.79 65.81
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A44 | 20 52.99 38.69 129.72 141.93 60.01 69.34
A45 | 16.21 48.89 38.01 133.86 148.88 53.02 62.01
A46 | 10.17 46.32 35.23 122.42 131.44 52.79 51.32
A47 | 15.98 54.02 36.34 129.03 143.87 53.21 57.32
A48 | 14.87 44.63 32.08 120.1 131.03 57.23 60.78
A49 | 17.36 50.12 31.89 129.04 143.02 57.12 67.31
A50 | 14.21 43.02 33.26 122.78 142.69 55.02 56.26
AS1 | 15.74 51.67 33.32 127.01 145.98 55.01 61.53
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Table 5 : Direct Angular Measurement Data

NLA N-Tr-Sn Sn-Tr-Pog | N-Sn-Pog

Al 122.7 26.1 24.8 164.7
A2 111.2 304 28.8 167.1
A3 108 27.31 24 169.8
A4 94.3 26.1 22.1 171.8
AS 113.2 28.3 29.7 162.2
A6 126.2 26 279 156.4
A7 111 28.4 26.3 164.2
A8 90.3 30.2 26.6 167.2
A9 124.4 27.3 25.8 160.4
A10 121.3 24.2 23.2 161.78
All 129.3 27.1 26 154.9
Al2 93.1 26.2 27.1 170.2
Al3 88.1 27.9 27.4 168.3
Al4 112 26.4 26.9 163
Al5 116.4 24.9 29.3 152.3
Al6 76.3 26.8 21.9 174.9
Al7 104.9 26 23.1 175.9
Al8 100 31.5 28.1 163.9
A19 102 24.9 24.5 165.1
A20 106.8 28.1 30.9 162.7
A21 106 25.7 25.6 164.9
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A22 114.9 28.8 26.3 162.1
A23 131.7 26.9 24.7 157.9
A24 103.1 27.2 27.3 155.9
A25 114.5 24.8 27.1 160.5
A26 121 259 279 162

A27 120 239 23.7 161.6
A28 109.8 30.6 28 158.9
A29 100.1 26.2 28.3 165.8
A30 103 324 27.1 165.7
A3l 114.9 27 27 160.1
A32 111 249 23.9 172.2
A33 94.1 24.6 24 168.9
A34 85 27.7 23.2 168.9
A35 101 28.5 28.3 156.9
A36 89.1 30.1 28 162.4
A37 110.1 27.5 28.5 168.2
A38 115 26 23 167

A39 118.8 24 27.8 149.9
A40 125 26.5 254 163

A41 102 25.4 26.7 165

A42 126.5 29.3 25 158

A43 120 25.7 25.1 162.8
A44 113.9 26.9 30.3 154.9
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A45 115.5 23.7 24 161.3
A46 124.9 23.8 23.2 155.4
A47 118.4 22.8 25 157.1
A48 120.1 27 27.8 159.1
A49 133.1 25.5 28.2 154

AS50 110.1 27.8 23.4 173.1
AS1 121.9 242 25.1 163.8
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Table 6 : 2D Linear Measurement Data

Sn-U Ver Ch-Ch Al-Al Tr-Sn Tr-Pog N-Sn Sn-Pog
Al 14.38 50.79 36.74 124.01 137.82 58.91 47.71
A2 15.36 43.17 35.01 106.87 118.18 59.02 46.12
A3 15.22 43.13 37.11 129.17 145.21 60.07 52.79
A4 12.31 48.81 39.97 137.02 149.71 62.98 48.91
AS 16.92 49.41 31.07 115.87 125.18 58.92 52.03
A6 19.23 51.38 32.23 130.59 139.59 56.82 61.32
A7 13.79 46.82 34.91 127.03 133.71 63.01 51.89
A8 18.03 51.14 37.18 123.88 134.34 63.98 54.91
A9 18.71 47.01 32.09 129.71 139.11 62.49 53.79
A10 11.43 49.79 34.14 126.43 135.73 51.39 49.64
All 16.07 53.72 32.01 132.02 143.05 61.76 54.23
Al2 14.23 51.88 41.9 128.04 144.71 59.29 61.87
Al3 11.79 46.39 35.87 117.47 134.43 57.93 57.07
Al4 15.61 54.01 37.92 135.72 148.77 60.79 65.93
AlS 11.25 53.11 35.97 132.46 143.14 56.97 64.63
Al6 10.89 54.17 35.02 123.13 141.12 56.63 48.27
Al7 12.89 47.13 32.09 127.63 146.17 58.14 55.12
Al8 17.22 46.18 35.81 126.76 139.73 71.38 59.71
Al9 13.78 53.49 38.04 134.77 145.72 65.11 5291
A20 15.12 4421 33.92 125.72 137.78 61.97 64.78
A21 17.12 51.19 32.17 132.71 145.61 57.99 57.13
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A22 12.72 50.43 34.19 117.71 129.83 58.18 53.17
A23 15.01 51.17 32.18 125.07 131.72 57.03 52.71
A24 13.79 51.79 34.23 128.68 139.07 61.09 57.74
A25 18.03 50.69 34.17 133.83 144.73 59.12 60.92
A26 12.71 49.69 34.23 130.74 140.71 61.79 61.03
A27 16.83 54.48 35.12 135.27 145.81 55.98 55.83
A28 13.02 49.29 32.97 113.63 118.47 61.37 51.62
A29 15.11 44.74 36.12 121.62 129.97 59.63 58.73
A30 14.72 45.32 38.69 126.14 139.72 68.71 61.63
A3l 13.72 48.82 35.73 123.07 127.64 57.73 56.49
A32 14.79 46.13 31.79 121.11 134.62 56.74 51.69
A33 14.61 57.02 41.79 134.71 155.72 56.71 59.73
A34 13.18 51.79 34.14 126.6 135.13 61.78 54.02
A35 16.12 49.01 33.82 116.79 125.11 59.89 57.16
A36 11.79 51.07 32.71 123.81 135.73 54.72 58.71
A37 18.68 50.59 37.13 122.71 138.81 59.72 64.11
A38 11.13 47.93 36.76 147.2 132.71 55.69 49.71
A39 15.82 48.16 32.73 125.63 129.64 53.81 58.62
A40 15.79 46.76 29.17 119.63 131.47 57.71 55.41
A41 13.73 46.81 32.31 124.71 144.13 55.17 60.42
A42 13.16 49.15 34.18 124.73 137.14 64.39 57.81
A43 15.63 52.98 43.79 134.81 149.67 58.82 64.19
A44 19.11 52.79 39.75 128.17 141.47 60.71 68.73
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A45 15.74 49.07 38.94 132.17 147.61 53.78 60.67
A46 9.61 46.91 36.28 121.17 130.48 53.77 51.35
A47 15.61 54.72 37.17 128.71 143.18 54.79 57.27
A48 14.73 45.81 33.18 119.83 130.17 58.39 60.73
A49 17.14 51.03 33.79 128.11 143.32 58.78 66.21
A50 13.68 42.41 3591 121.18 142.07 56.39 56.83
AS1 15.79 52.15 34.93 126.71 145.79 57.16 61.47
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Table 7 : 2D Angular Measurement Data

NLA N-Tr-Sn Sn-Tr-Pog N-Sn-Pog

Al 123.1 259 24.7 161.8
A2 111.3 30.3 28 165.4
A3 108.9 27.4 249 168.7
A4 94.4 26.7 22.7 171

AS 113.3 28.3 29.9 160.3
A6 126.4 26.4 28.3 154.3
A7 113.7 28.7 259 162.7
A8 90.6 30.7 26.7 165.3
A9 124.3 27.9 26.9 158.7
A10 121.7 25.2 24.8 161.9
All 130.3 26.9 26.3 153.7
Al2 93.7 26.3 28.7 168.6
Al3 87.9 28.6 27.4 166.4
Al4 112.7 26.7 28.9 161.7
AlS 116.4 25.6 29.4 150.3
Al6 77.3 27.3 22.9 174.3
Al7 105.9 26.8 24.6 174.2
Al8 101.6 32.7 28.7 163.4
Al19 102.4 26.3 25.7 164.3
A20 107.3 28.4 314 161.2
A21 106.7 26.6 26.6 164.1
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A22 115.7 29.9 27.8 160.7
A23 131.9 26.9 254 157.1
A24 103.3 28.3 28.3 154.3
A25 115.6 25.7 28.7 159.1
A26 121.3 27.3 293 160.7
A27 120.4 25.6 249 160.3
A28 110.7 31.3 28.3 158.4
A29 101.9 27.4 28.9 165.4
A30 103.2 33.7 28.4 164.3
A3l 116.7 27.4 27.7 158.7
A32 111.8 26.7 24.7 171.1
A33 94.7 25.6 24.8 167.7
A34 86.4 28.7 249 168.1
A35 101.3 29.6 29.7 157.8
A36 89.9 30.2 29.9 161.3
A37 111.4 28.7 29.8 167.2
A38 115.3 27.4 23.7 165.3
A39 119.7 24.6 28.3 149.1
A40 125.7 27.8 26.3 161.7
A41 103.4 26.7 27.4 164.1
A42 127.3 30.7 26.7 157.3
A43 120.7 26.3 26.7 161.3
A44 114.6 28.6 31.6 153.7
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A45 116.6 24.7 253 160.4
A46 126.3 26.1 25.3 155.1
A47 120.4 24.7 26.2 156.3
A48 120.4 28.3 28.4 157.2
A49 133.1 26.7 28.3 153.5
AS50 110.7 28.2 25.7 171.3
A5l 122.7 26.3 27.2 162.1
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Table 8 : 3D Linear Measurement Data

Sn-U Ver Ch-Ch Al-Al Tr-Sn Tr-Pog N-Sn Sn-Pog

Al 14.88 50.84 36.39 124.74 138.6 58.48 48.22
A2 15.99 43.19 34.24 107.1 118.9 58.35 46.62
A3 15.53 43.23 36.66 129.97 146.8 59.56 53.39
A4 12.96 48.88 39.03 137.8 150.19 62.04 49.33
AS 17.66 493 30.45 116.2 126.05 57.84 52.83
A6 19.24 514 32.26 130.58 139.57 56.82 61.35
A7 13.88 47.48 34.92 127.64 134.12 61.78 52.96
A8 18.36 51.26 37.79 124.44 135.64 63.16 55.96
A9 18.74 47.83 31.58 130.39 139.84 61.37 54.47
Al10 | 12.06 50.38 33.85 127.2 136.27 50.98 50.38
All | 16.59 54.29 31.28 132.23 143.51 60.9 55.11
Al2 | 14.21 51.93 40.9 128.98 145.1 58.09 62.72
Al13 | 12.64 46.34 35.27 118.37 135.69 57.02 57.82
Al4 | 16.22 54.15 37.24 136.32 149.19 60.08 66.81
AlS | 11.8 53.23 35.34 133.22 143.54 56.01 65.13
Al6 | 11.42 54.95 34.14 123.89 142.5 55.39 49.16
Al17 | 13.58 48.3 31.55 128.29 147.89 57.26 56.06
Al8 | 18.16 47.11 35.26 127.99 140.67 70.59 60.3

Al9 | 144 53.52 37.09 135.48 146.36 64.08 53.46
A20 | 15.63 442 33.1 126.1 138.32 61.12 65.55
A21 | 17.77 51.24 31.29 133.51 146.53 57.74 58.01
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A22 | 13.38 50.49 33.24 118.65 130.54 57.22 54.24
A23 | 15.58 51.2 31.17 125.95 132.44 56.54 53.88
A24 | 14.87 525 33.79 129.78 140.14 60.28 58.36
A25 | 18.49 51.58 33.27 134.46 145.22 58.02 61.69
A26 | 13.39 49.73 33.77 131.89 141.48 60.98 61.63
A27 | 17.25 54.58 34.06 136.17 146.97 55.14 56.41
A28 | 13.58 49.41 32.16 114.24 119.66 60.46 524

A29 | 1591 45.99 35.14 122.14 130.82 58.71 59.57
A30 | 15.71 45.58 37.77 127.11 140.72 69.45 62.88
A31 | 14.58 49.6 34.46 123.98 128.26 56.41 57.6

A32 | 15.57 46.61 30.5 122.04 135.73 55.42 52.36
A33 1548 57.86 40.98 135.5 156.26 55.47 60.21
A34 | 14.8 52.04 33.58 127.19 136.68 60.97 55.21
A35 | 17.31 48.28 32.93 117.84 126.49 58.76 58.72
A36 | 12.88 50.92 31.62 124.41 136.66 53.67 59.2

A37 | 19.74 50.6 36.72 123.14 139.74 58.84 65.07
A38 |12 48.17 35.32 122.2 133.8 54.88 50.38
A39 | 16.85 48.56 31.93 126.1 130.59 52.65 59.08
A40 | 16.64 46.86 28.36 120.14 132.87 56.46 56.59
A41 | 14.59 47.09 31.21 125.6 145.02 54.14 61.63
A42 | 14.82 49.55 33.26 125.78 138.31 63.26 58.96
A43 | 16.73 53.86 42.99 135.76 150.99 57.8 65.77
A44 | 20.06 53.04 38.63 129.67 142.03 59.03 69.27
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A45 | 16.18 48.83 37.86 133.64 148.84 52.89 61.99
A46 | 10.13 46.7 35.15 122.39 131.36 52.67 52.44
A47 | 16.76 54.41 36.93 129.98 144.65 534 58.48
A48 | 15.22 44.77 323 120.93 131.35 57.76 61.17
A49 | 18.2 50.24 32.42 129.72 144.03 57.3 67.44
AS50 | 14.77 43.31 34.77 123.22 143.03 55.94 57.9

AS51 | 16.11 52.85 33.84 127.91 146.91 56.06 62.74
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Table 9 : 3D Angular Measurement Data

NLA N-Tr-Sn Sn-Tr-Pog N-Sn-Pog

Al 122.2 25.7 24 162.9
A2 110.7 29.9 27.6 166

A3 107.2 26.9 23.2 169.9
A4 93.1 25.8 21.5 171.2
A5 112.7 27.7 29 161.7
A6 125.2 25.2 27.2 155.7
A7 112.2 27.8 25.1 163.4
A8 89.2 293 25.8 166.1
A9 123.8 27 25.2 159.7
A10 120.3 24 23.9 162.1
All 129 26.2 25.4 154.4
Al2 92.8 25.8 27.5 169.3
Al3 87.4 27.2 26.7 167.7
Al4 111.3 25.9 27.5 162.1
Al5 115.6 24.4 28.9 151.8
Al6 76.7 26.5 22 174.9
Al7 105 25.7 235 175.6
Al8 100.5 31.1 27.9 164

Al19 101.3 25.1 24.8 165.1
A20 106 27.7 30.6 162.1
A21 105.6 25.8 254 165
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A22 114.5 28.4 26.7 161.9
A23 131.2 26.5 24.8 158.3
A24 102.9 27 27.3 155.8
A25 114.4 24.5 27.5 160.3
A26 120.7 26.4 28.1 161.9
A27 119.8 24.1 23.7 161.7
A28 109.3 304 27.7 159.2
A29 100.4 26.8 27.8 165.7
A30 102.5 323 27.3 165.6
A3l 115.3 26.9 26.6 159.8
A32 111 25.1 23.8 172.3
A33 94.1 24.5 23.9 168.3
A34 85.5 27.6 23.5 169

A35 100.8 28.5 28.3 156.6
A36 89 29.9 28.01 162.9
A37 110.7 273 28.3 168.4
A38 114.9 26 229 166.8
A39 118.4 23.8 27.8 150.2
A40 124.6 26.3 254 162.8
A41 102.7 253 26.3 165.2
A42 126.6 29.2 25.1 158

A43 119.3 254 25.3 162.5
A44 113.3 27.2 30.7 154.8
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A45 115.5 23.4 24 161.6
A46 125.6 24.6 24.2 156.7
A47 119.6 23.5 25.1 157.9
A48 119.3 27.1 273 158.7
A49 132.5 25.5 27.8 154.1
AS0 109.3 27.5 24 172.8
AS1 121.1 25.6 26.4 163.4
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Table 10 : Data of Randomly Selected Subjects

A3

A20
A32
A4l
A51

A3

A20
A32
A4l
A51

A3

A20
A32
A4l
A51

D3
D3
D3
D3
D3

10% Random selected subjects

Sn-U Ver Ch-Ch Al-Al Tr-Sn Tr-Pog N-Sn Sn-Pog NLA N-Tr-Sn Sn-Tr-Pog | N-Sn-Pog
14.84 43.63 37.06 128.93 146.33 60.16 54.03 108 27.2 24.3 169.7
16.19 44.33 33.11 126.66 138.18 61.19 65.83 107 28 31 161.9
15.95 46.58 30.73 121.92 135.81 55.59 52.44 111.2 25.1 24.1 172.9
14.81 47.21 31.41 125.76 145.19 54.23 61.63 102.3 25.9 26.9 165.4
15.71 51.72 33.64 127.21 146.08 55.21 61.57 122.1 24.2 25.4 163.1
15.32 43.24 37.47 129.27 145.41 60.09 52.68 108.9 27.4 24.9 167.9
15.82 44.29 34.12 125.84 137.88 61.77 64.75 106.3 28.4 31.6 161.9
14.82 46.24 31.88 121.21 134.69 56.79 51.71 112 26.7 24.4 171.8
13.91 46.95 32.46 124.79 144.23 55.23 60.39 103.4 26.7 27.9 163.8
15.94 52.23 35.09 126.68 145.67 57.19 61.47 122.7 26.3 26.9 162.6
15.56 43.34 36.81 129.47 146.91 59.61 53.39 108 27.3 239 170
15.69 44.26 33.19 126.11 138.38 61.13 65.54 107 27.9 30.8 162.1
15.61 46.72 30.61 122.09 135.69 55.44 52.38 111 25.3 24.5 172.3
14.63 47.13 31.63 125.66 14491 54.12 61.61 102.7 25.6 26.3 165.2
16.18 52.87 33.91 127.99 146.87 56.1 62.74 121.3 25.4 25.9 163.7
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any questions or concerns about this study or participation in it, please do not hesitate 1o contact Dr. Amin
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